The chiral complexes tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) (RuDIP) are shown to be specific chemical probes with which to distinguish right-and lefthanded DNA helices in solution. In spectrophotometric titrations of racemic RuDIP with both B-form calf thymus DNA and Z-form poly [d(G-C)], hypochromicity in the intense metal-to-ligand charge-transfer band is found and enhancement in luminescence is observed. The spectrophotometric assay of DNA binding to the well-resolved enantiomers of RuDIP provides a means to determine the helical conformation. Strong chiral specificity is seen in binding experiments with righthanded B-DNA and, on this basis, the absolute configurations are assigned. Although A-RuDIP can bind by intercalation into the right-handed helix, steric constraints imposed by the helix asymmetry preclude completely binding by the A enantiomer. Both isomers, however, are found to bind equally to Z-DNA. Left-handed helices that are more similar structurally to B-DNA would be predicted to display a stereospecific preference for this A isomer.
The left-handed DNA helix has received considerable attention since the original crystallographic study of the Z-DNA fragment [d(CpG)]6 (1). Solution conditions that include high ionic strength (2) , hydrophobic solvents (3), the presence of certain trivalent cations (4), or covalent modification with bulky alkylating agents (4) (5) (6) (7) (8) all facilitate the transition of a right-handed double helix into a left-handed form. This striking conformational transition was first observed for poly-[d(G-C)] (2). More recently, the alternating purine-pyrimidine sequence [ 
d(G-T)],[d(C-A)], has been shown to form
Z-helices as well (9, 10) . Methylation of cytosine residues at carbon-5 lends stability to Z-form DNA (4, 11) and, under physiological conditions, transitions to a left-handed structure can occur to relieve the torsional strain in underwound negatively supercoiled DNA (12) (13) (14) . These latter findings suggest mechanisms for left-handed DNA formation in the cell, where such structures could be important in controlling gene expression. Negatively supercoiled simian virus 40 DNA has, for example, been found to contain potentially Z-DNA-forming alternate purine-pyrimidine regions within transcriptional enhancer sequences (15) .
To explore any biological role for left-handed DNA, sensitive and selective probes are required. Z-DNA appears to be a strong immunogen. Anti-Z-DNA antibodies have been elicited with both brominated poly[d(G-C)] (16) and poly[d(G-C)] modified with diethylenetriamineplatinum(II) (17) as antigens. The structures of Z-DNA and in particular of a modified Z-form provide a multitude of antigenic characteristics: the left-handed helicity, the zigzag dinucleotide phosphate repeat, the protruding purine substituents in the shallow major groove.* It is not surprising then that the various antibodies obtained appear specific for different localized features of Z-DNA (18) . The development of a specific chemical probe, so designed as to recognize a known structural element of Z-DNA, in our case the helix handedness, offers a simple complementary approach.
Enantiomeric selectivity has been observed in the interactions of tris(phenanthroline) metal complexes with B-DNA (19) (20) (21) . Experiments with tris(phenanthroline)zinc(II) have indicated stereoselectivity (19) ; dialysis of B-DNA against the racemic mixture leads to the optical enrichment of the dialysate in the less-favored enantiomer. Subsequent luminescence, electrophoretic, and equilibrium dialysis studies of the well-characterized ruthenium(II) analogues have shown that the tris(phenanthroline) metal isomers bind to DNA by intercalation and it is the A enantiomer that binds preferentially to a right-handed duplex (20, 21) . The enantiomeric selectivity is based on steric interactions between the nonintercalated phenanthroline ligands and the phosphate backbone. Although the right-handed propeller-like A isomer intercalates with facility into a right-handed helix, steric repulsions interfere with a similar intercalation of the A enantiomer.
Based on this premise, tris(phenanthroline) metal complexes appear useful in the design of probes to distinguish left-handed and right-handed DNA duplexes. The design flexibility inherent in metallointercalation reagents, in which both ligand and metal may be varied easily, makes the coordination complexes attractive probes (22) (23) (24) . We have concentrated here on phenanthroline complexes of ruthenium(II) because of the high luminescence associated with their intense metal-to-ligand charge-transfer band (25, 26) and because the exchange-inert character of the low-spin d6 complexes limits racemization (27) . Although a preference in binding is found between enantiomers in the phenanthroline series, both isomers do in fact intercalate into the right-handed helix. To amplify the chiral discrimination and hence improve the sensitivity of our probe, phenyl substituents have now been added to the 4 and 7 positions of each phenanthroline ligand. The bulky substituents at the distal sites on the cation can block completely the intercalation of the A isomer into a right-handed helix.
We report here the design of selective spectroscopic probes for the handedness of the DNA duplex. The structure of the left-handed enantiomer, A-tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) (RuDIP), which binds to left-handed Z-DNA but not to right-handed B-DNA, is shown below.
Abbreviations: RuDIP, tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II); (phen)3Ru2+, tris(1,10-phenanthroline)ruthenium(II).
*The region in the Z-DNA structure corresponding to the major groove of B-DNA is sufficiently shallow and wide to be essentially a hydrophobic surface without a groove. For the purpose of comparative discussion, however, we will refer to this region as the major groove of the Z-form helix. Z-DNA does contain a very narrow helical groove or crevice in the region comparable with the minor groove of B-DNA.
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Proc. Natl. Acad. Sci Fig. 1 . The overall similarity of these titrations should be apparent. Binding of either duplex DNA leads to hypochromicity in the intense metal-to-ligand charge-transfer band of the ruthenium complex. A small red shift (=2 nm) in the spectrum of the bound complex and an isosbestic point at 485 nm can be seen. That spectral changes occur as a function of addition of either DNA form suggests that racemic RuDIP binds to both B-and Z-DNA. The similarity in spectral changes most likely reflects a similar mode of association of the ruthenium complex with either the right-handed B-DNA helix or the lefthanded Z-DNA helix.
Differences in binding to the two forms are evident, however. A greater reduction in the absorption intensity of Ru-DIP accompanies binding to Z-form poly[d(G-C)] than to the B-DNA helix. In Fig. 1 , for example, the apparent reduction in intensity with the addition of a 13:1 ratio of calf thymus DNA-phosphate/ruthenium is only 9% whereas, for the lefthanded helix, the reduction occurring at a nucleotide/ruthenium ratio of 5:1 is 17%. The greater hypochromicity in binding to Z-DNA is explained in part by the different stereoselectivities governing binding to each helix. Although both enantiomers bind to Z-DNA, only the A enantiomer may bind easily to right-handed B-DNA. The differences in stereoselectivity cannot fully account for the difference in hypochromicity, however, because the hypochromicity in spectra of racemic RuDIP with Z-DNA is more than twice that observed with calf thymus DNA. If one assumes that the extinction coefficients for RuDIP when bound to each helix are the same, which seems reasonable based on the equal isosbestic points observed, then the larger hypochromic effect with Z-DNA suggests that both RuDIP enantiomers possess a greater affinity for Z-form poly[d(G-C)] than for calf thymus DNA. Equilibrium dialysis experiments support this conclusion (unpublished data).
The luminescence of RuDIP is also enhanced on binding to the DNA duplex. Fig. 2 shows the emission spectrum of racemic RuDIP (3 ,uM) The shift in the spectrum to lower energy is particularly pronounced despite the broad nature of the transition; the maximum shifts 10 nm to longer wavelength in the presence of DNA. Greater luminescence is seen here on binding to B- Fig. 3 . Based on the presence or absence of hypochromicity, it is clear that although A-RuDIP binds to B-DNA, the A isomer does not. A-RuDIP does however bind to Z-DNA. Indeed, with Z-DNA no stereospecificity is observed. Hence the assay of duplex binding by the A isomer yields a sensitive assay for the Z-DNA conformation.
Strong enantiomeric selectivity governs the interaction of RuDIP with the right-handed B-DNA helix. The decrease in absorbance with increasing DNA concentration observed for the A, racemic mixture, and A samples can be fully accounted for based on the percentage of the A enantiomer present in the particular preparation (see Experimental). The pure A enantiomer does not bind to B-DNA. The presence of the phenyl groups at the 4 and 7 positions of the nonintercalated phenanthroline ligand has served to amplify the chiral discrimination. In comparisons, differences in binding of (phen)3Ru2+ enantiomers had been seen only in spectrophotometric titrations at high DNA/ruthenium levels; the ratio of the affinities for B-DNA of A to A isomers is =1.3 (20, 21) . For RuDIP, with hydrogen atoms now replaced by phenyl groups, instead of simple interference with the DNA phosphate oxygen atoms, one finds that the steric bulk of the phenyl groups completely blocks interactions of the A isomer in the right-handed groove. A-RuDIP, however, binds with facility to a right-handed helix, indeed more avidly than A-(phen)3Ru2+. This striking amplification in enantiomeric selectivity for RuDIP compared with (phen)3Ru2+ strongly supports our model for stereospecific intercalation.
Z-DNA serves as a poor template to discriminate between the enantiomers; identical reductions in absorbance intensity are found for the and A isomers (Fig. 3) . Because of the shallow and very wide character of the major groove* in Z-DNA, there are no steric constraints comparable with that found with B-DNA. Hence, if the binding modes are equivalent, no chiral specificity would be expected. The similarity in spectral characteristics of RuDIP in binding to the different DNA duplexes points to this similarity in binding modes. However, the lack of chiral specificity in binding to Z-DNA does limit what we can say at present about the interaction of RuDIP enantiomers with a Z-form helix. showed hypochromicity equal to that seen with calf thymus DNA. Also, cobalt hexammine itself does not appear to alter binding to the helix. RuDIP titrations using calf thymus DNA with and without Co(NH3) 6 were identical. In addition, the jnteraction cannot be explained purely by electrostatic interactions. Although smaller, hypochromic effects, approximately one-third of that shown here, are found in titrations in 4 M NaCl (buffer 3) with either poly[d(G-C)] or calf thymus DNA. Partial intercalation into the DNA by both RuDIP enantiomers would be consistent with our results. It is finally important to note that the similar titrations of both enantiomers that we see with Z-DNA but not with B-DNA suggest that neither enantiomer converts the Z-form helix to the B-DNA conformation. If that were the case, selectivity between the enantiomers would become apparent.
DISCUSSION
The chiral RuDIP complexes serve as specific chemical probes for the handedness of the DNA helix in solution. Spectrophotometric titrations have shown that, although one RuDIP enantiomer, assigned as A-RuDIP, does not bind at all to the B-DNA helix, the bulky asymmetric cation can bind to Z-DNA. Monitoring the binding of this isomer to DNA by any means therefore equivalently assays the helical conformation. The intense metal-to-ligand charge-transfer band in the ruthenium complexes provides a particularly sensitive handle with which to examine the binding, either spectrophotometrically or through its accompanying luminescence.
Striking enantiomeric selectivity is found in the interac-/.
tions of the RuDIP cations with right-handed B-DNA, and this chiral discrimination is consistent with an intercalative model. The changes in the visible spectrum of RuDIP-i.e., the hypochromic shift and luminescence enhancement-observed in the presence of duplex DNA parallel in detail those seen in spectra of (phen)3Ru2+ as a function of DNA addition. It has been shown that (phen)3Ru2' binds to B-DNA by partial intercalation of the phenanthroline ligand between the base pairs (20, 21) . Given that generally the ruthenium-metal-to-ligand charge-transfer transition shows little sensitivity to solvent or environment (25, 26) , the close resemblance of properties of RuDIP to (phen)3Ru2+ suggests that the cations bind the DNA in a similar fashion. Intercalation of the diphenylphenanthroline ligand between the helix base pairs requires that the phenyl groups rotate into the plane of the phenanthroline ligand. This rotation to a planar structure with. minimal steric interactions between nearby hydrogen atoms can be accomplished by lengthening the carbon-carbon bond between the phenyl and phenanthroline moieties. Equivalent structural distortions are seen in biphenyl, which is planar in the stacked solid lattice (36) . Also, the extremely bulky tetrapyridyl-porphyrin cations, which require extensive distortion, are thought to bind to the DNA duplex by intercalation (37, 38) . Importantly, once rotated into the plane of the phenanthroline, the phenyl groups in RuDIP add substantially to the surface area available for overlap with the base pairs as compared with (phen)3Ru2+, and therefore greater stability of the bound ruthenium-DNA complex is expected. In fact, binding of RuDIP to DNA assayed by any method becomes evident at <10% of the concentration of interesting to us to find that no stereoselectivity governs binding to the Z-form helix. The bulky cation likely avoids the very narrow helical crevice in the Z-DNA structure, and intercalative binding to the more shallow hydrophobic surface in Z-DNA, the equivalent of the major groove in the Bform, would not be expected to yield any chiral discrimination. Z-DNA does not mirror B-DNA in solution. Instead we predict that a left-handed but more B-like conformation (3, 39, 40) would yield a mirror-image selectivity.
The chiral tris(diphenylphenanthroline) metal complexes will therefore be interesting to use in solution to examine DNA helical conformations: those of naturally occurring sequences, in the preseice of drugs, and in protein-bound complexes. Furthermore, the reagents suggest a new route for conformation-specific drug design.
